Background: Fiber fragmentation is thought to occur at dislocations, which are potential targets for the non-hydrolytic protein, Swollenin. Results: Changes in cellulose morphology within dislocations were assessed using fluorescent CBMs; Swollenin appeared to promote fragmentation at these sites. Conclusion: Swollenin targets and disrupts cellulose at fiber dislocations. Significance: Fragmentation is a key step in cellulose deconstruction and is enhanced by the actions of Swollenin.
Although the actions of many of the hydrolytic enzymes involved in cellulose hydrolysis are relatively well understood, the contributions that amorphogenesis-inducing proteins might contribute to cellulose deconstruction are still relatively undefined. Earlier work has shown that disruptive proteins, such as the non-hydrolytic non-oxidative protein Swollenin, can open up and disaggregate the less-ordered regions of lignocellulosic substrates. Within the cellulosic fraction, relatively disordered, amorphous regions known as dislocations are known to occur along the length of the fibers. It was postulated that Swollenin might act synergistically with hydrolytic enzymes to initiate biomass deconstruction within these dislocation regions. Carbohydrate binding modules (CBMs) that preferentially bind to cellulosic substructures were fluorescently labeled. They were imaged, using confocal microscopy, to assess the distribution of crystalline and amorphous cellulose at the fiber surface, as well as to track changes in surface morphology over the course of enzymatic hydrolysis and fiber fragmentation. Swollenin was shown to promote targeted disruption of the cellulosic structure at fiber dislocations.
The effective enzymatic hydrolysis of lignocellulosic substrates to fermentable sugars, for subsequent conversion to fuels and chemicals, could help the world transition from a fossil fuel-based economy to a global society that is more reliant upon renewable resources. To try to achieve the high sugar concentrations that can be obtained from sugar cane or corn, high-cellulosic solids reaction conditions are desirable as they reduce water consumption, enable the use of smaller reaction vessels, reduce distillation/separation costs for the desired end product and, consequently, reduce the overall capital and operating costs of the bioconversion process (1) . However, high solids hydrolysis slurries have inherent issues with ease of mixing, pumpability, and mass transfer limitations during enzyme diffusion and adsorption to the substrate (2) . Recent work has demonstrated that rapid fiber fragmentation at the very early stages of hydrolysis leads to a dramatic reduction in slurry viscosity, which alleviates some of the issues associated with high solids hydrolysis (2) . It has been suggested that fiber fragmentation is primarily induced by the endoglucanase family of enzymes (3, 4) , although other proteins present in the cellulolytic mixture, such as the more recently characterized oxidative enzymes (5, 6) and amorphogenesis-inducing proteins (7) (8) (9) , have also been shown to contribute to the overall deconstruction process.
A considerable amount of earlier work has defined "cellulase mixtures" as a protein mixture containing predominantly endo-and exoglucanases and perhaps ␤-glucosidase. However, it is now largely recognized that, to achieve effective lignocellulose deconstruction of more realistic biomass substrates, the enzyme mixture must also contain accessory enzymes/proteins such as hemicellulases, lytic polysaccharide monooxygenases, and non-hydrolytic/non-oxidative proteins that have been shown to facilitate biomass degradation through the opening up of the lignocellulosic matrix (5, 7, 10, 11) .
The non-hydrolytic non-oxidative proteins (also known as "disruptive" or "amorphogenesis-inducing" proteins) are of interest (7, 9, 12) due to their apparent ability to disrupt the structural matrix of biomass, consequently facilitating the subsequent depolymerization of the carbohydrate polymers by hydrolytic and oxidative enzymes (7) . These disruptive proteins include examples from plants (Expansins) (13) , bacteria (Expansin-like proteins (14, 15) and some carbohydrate binding modules (CBMs) 2 (16)), and fungi * This work was supported by the Natural Sciences and Engineering Council of Canada (NSERC) and the Bioconversion Network. 1 (Swollenin (8, 9, 12) , Loosenin (17) , and CBMs (18)). These proteins have also been shown to promote a variety of disruptive effects on cellulosic biomass, including filter paper dispersion, crystallinity reduction, particle size reduction, swelling of cotton fibers, and roughening of cotton fiber surface (7) . Swollenin, in particular, has been shown to effectively swell cotton fibers (9), disperse filter paper squares (12) , roughen filter paper fibers (12), reduce the particle size of a number of model cellulosic substrates (12) , enhance the accessibility of cotton fibers (19) , and enhance hydrolysis (8, 20) . Recent work has shown that Swollenin targets the less-ordered regions of the cellulose, rather than directly disrupting the more crystalline regions of the substrate (8, 19) , and enhances the solubilization of the hemicellulosic fraction of steam-pretreated corn stover when it synergistically interacted with family 10 and 11 xylanases, promoting a 3-fold increase in xylose released by these hydrolases (8) . It appears that, although Swollenin does to some extent enhance the disruption of well structured components of cellulosic substrates, its primary role is facilitating the disruption of the less-ordered regions of pretreated lignocellulosic substrates (8, 19) .
It is possible that Swollenin targets the dislocations within lignocellulosic fibers, as these regions have been shown to be enriched in disordered/amorphous cellulose (21) . Fiber dislocations (also called kinks, micro-compressions, irregularities, and slip planes (22) ) have been observed in a range of plant species, including softwood, hemp, flax, and wheat (21, 23, 24) . These dislocations are present in untreated biomass fibers and can also be induced during processing steps (25) . Typically, the fiber structure within the dislocations contains surface features perpendicular to the direction of the microfibrils. Dislocations have also been shown to contain more amorphous cellulose with less order than the surrounding fiber, likely due to the distortion of the crystalline cellulose microfibrils (26) , although other work has suggested that microfibrils continue through these dislocations (27) . Earlier work has suggested that these dislocations within the fibers make up weak points that are rapidly hydrolyzed by cellulases (21) .
In the work described here, we tried to better elucidate the potential role that Swollenin might play in fiber fragmentation by assessing various macroscopic fiber properties over the course of enzymatic hydrolysis of dissolving pulp and a range of pretreated substrates. Fiber quality analysis (FQA) was used to quantify the fiber length/particle size of cellulosic fibers, although the "settleability" of the pulp (i.e. how densely the pulp fibers compact after being allowed to settle in solution) was used as a secondary indicator of fiber length, as shorter fibers enable denser settling than longer ones.
To try to quantify possible changes at the microfibril level, a CBM adsorption technique (19) was also used. As described earlier by Boraston et al. (28) , CBMs can be broadly categorized into the three types: Type A, which binds to well ordered (crystalline) substrates via a planar hydrophobic surface composed of tryptophan and tyrosine residues; Type B, which binds via a binding cleft to individual carbohydrate chains; and Type C, which binds via a binding pocket to chain ends and smaller carbohydrate molecules (28) . The CBM adsorption technique used in the work described here compares the adsorption of a Type A and a Type B CBM with cellulose where the Type A CBM has been shown to preferentially adsorb to the more crystalline regions of the cellulose surface (29) , whereas the Type B CBM preferentially binds to the more amorphous regions (30) . Several previous studies have used CBMs with different specificities for crystalline and amorphous regions of the cellulose to try to reveal the differences in surface morphology between the surrounding fiber and the cellulose within fiber dislocations (21, 27, (31) (32) (33) . However, no clear consensus was reached, with some Type A CBMs binding to dislocations (21, 31) , whereas other Type A CBMs did not localize to these dislocations (32, 33) . However, all of the Type B CBMs tested to date do appear to localize to fiber dislocations (31) (32) (33) .
As described in more detail below, by monitoring fiber dimensions and assessing the binding profile of the fluorescently tagged CBMs on the fiber surface, we were able to show that Swollenin targeted the amorphous regions within the dislocations of cellulose fibers, promoting fiber fragmentation at these dislocations.
EXPERIMENTAL PROCEDURES
Proteins-A cellobiohydrolase (CEL7A), an endoglucanase (CEL5A), and an endoxylanase (XYN10A) were purified as described previously (10) . Swollenin was expressed in Trichoderma reesei, under the cbh1 promoter with a C-terminal His 6 tag, and purified using immobilized metal ion affinity chromatography followed by anion exchange chromatography (DEAE-Sepharose). The procedure used previously with CEL61A (34) was followed. CBM2a from Cellulomonas fimi was purified from Escherichia coli using the following procedure (35) . Cells were grown at 37°C in Terrific Broth to A 280 ϳ2.0 and then induced with 0.2 mM isopropyl-␤-D-1-thiogalactopyranoside (Sigma-Aldrich) and incubated for an additional 24 -32 h at 30°C. Cells were harvested by centrifugation, and the pellet was then used immediately for purification or frozen for future use. Cells were lysed by shaking in 5 ml of BugBuster (EMD Millipore) per gram of cell paste supplemented with Benzonase nuclease (EMD Millipore) for 20 min at room temperature. Lysed cells were clarified by centrifugation, and the clarified extract was added to Avicel (15 g of Avicel per liter of original cell culture) and incubated for 1 h at room temperature or overnight at 4°C. The slurry was then filtered and washed three times with 1 M sodium chloride in 50 mM potassium phosphate (pH 7.0) and three times with 50 mM potassium phosphate (pH 7.0) and then eluted by incubating the cellulose paste with 6 M guanidine hydrochloride for 30 min at room temperature before filtering. All subsequent steps were performed on ice to prevent precipitation. The CBM2a solution in 6 M guanidine hydrochloride was concentrated to ϳ0.10 volume over an Amicon (EMD Millipore) ultrafiltration apparatus using a 10-kDa polysulfone membrane (EMD Millipore). The concentrated solution was then centrifuged to remove fines and precipitated material and then slowly diluted ϳ20 times with 1 mM ice-cold potassium phosphate (pH 7.0) to refold the CBM. This solution was then concentrated again and rediluted with 1 mM ice-cold potassium phosphate (pH 7.0). Finally, CBM2a was desalted into 50 mM potassium phosphate (pH 7.0). CBM44 from Clostridium thermocellum was purchased from NZYTech (CR0049, Lisbon, Portugal).
Fibers-Hardwood-derived dissolving pulp was provided by Tembec (Montréal, Canada). Steam-pretreated and ethanolorganosolv-pretreated corn stover, poplar, and lodgepole pine were pretreated at near optimal conditions as described previously (36, 37) .
Enzyme Treatments-Dissolving pulp (6 g of dry weight) was weighed into 250-ml Erlenmeyer flasks and hydrolyzed in 120 ml of 50 mM sodium acetate buffer (pH 5.0) using an enzyme loading of 13 mg of Celluclast 1.5L (Novozymes, Bagsvaerd, Denmark) per gram of pulp (dry weight), supplemented with 5 cellobiase units (equivalent to 2 mg of ␤-glucosidase) per gram of pulp (dry weight). Celluclast 1.5L contains a mixture of fungal hydrolytic enzymes that is predominantly composed of two cellobiohydrolases, two endoglucanases, and lesser amounts of other cellulases and various accessory enzymes (10) . Flasks were stoppered and incubated in a shaking incubator at 50°C. After the desired elapsed time, flasks were transferred to a hot water bath set to 100°C and incubated for 15 min. Glucose release was measured by the glucose oxidase assay (38, 39) . For the 0-h time point, the buffer was added to the pulp, and the sample was transferred to the hot water bath prior to adding enzyme. As the temperature increased past 60°C, enzyme was added. This was done to get very rapid inactivation of the enzymes in the 0-h sample. Hydrolyzed pulps were then filtered, washed three times with water and then incubated with protease. A protease solution was prepared by diluting proteinase from Aspergillus melleus (Sigma) to a concentration of 1 unit/ml in 50 mM potassium phosphate buffer, pH 7, and incubated overnight at 37°C. After protease treatment, samples were filtered, washed three times with 100 ml of 1 M sodium chloride in 50 mM potassium phosphate (pH 7.0), washed three times with 100 ml of 50 mM potassium phosphate (pH 7.0), and washed three times with 100 ml of nanopure water. Removal of protein from the pulp was confirmed by the ninhydrin assay as described previously (data not shown) (40) .
For pulps treated with isolated enzymes (CEL7A, CEL5A, XYN10A, and Swollenin), the reactions were carried out in 2-ml screw cap tubes containing 2 mg (dry weight) of dissolving pulp in 1.5 ml of 50 mM sodium acetate (pH 5.0) with 50 g of enzyme per mg of pulp. Samples were incubated overnight with shaking at 50°C. Prior to FQA, the samples were heat inactivated at 100°C for 10 min.
FQA and Settleability-Changes in fiber length were determined using a high-resolution fiber quality analyzer (LDA02, OpTest Equipment, Inc., Hawkesbury, Ontario, Canada) as described previously (37) . All samples were run in at least triplicate. The number of fibers counted per sample was 20,000. The ranges of fiber length and fiber width measured were 0.05-10.00 mm and 7-60 m, respectively. Settleability was visualized by weighing out 10 mg (dry weight) of hydrolyzed pulp and then staining overnight in 1 ml of 0.5 mg/ml Direct Orange (Pontamine Fast Orange 6RN, lot number 814071, Pylam Products Co. Inc., Garden City, NY) in PBS buffer at 70°C in a shaking incubator. Samples were then centrifuged, and the liquid was exchanged 10 times with water to remove any unbound dye. Dyed fibers were then allowed to gravity-settle in upright 1.5-ml Eppendorf tubes for 2 days.
CBM Adsorption-CBM adsorption was carried out as described previously (19) . Briefly, 250 g of CBM (as determined by absorption at 280 nm) was added to 2.5 mg (dry weight) of pulp in 1 ml of 50 mM potassium phosphate (pH 7.0). Samples were incubated for 60 min at 20°C in a FinePCR Combi-SV12 hybridization incubator at 30 rpm and then centrifuged at 16,000 ϫ g for 10 min in a benchtop centrifuge. The amount of CBM bound to the cotton was calculated by measuring the absorbance of the supernatant at 280 nm and determining the concentration of the residual CBM in the supernatant using the calculated molar extinction coefficients of 27,625 and 27,365 M Ϫ1 cm Ϫ1 for CBM2a and CBM44, respectively (29) . The amount of CBM bound to the cotton was calculated by subtracting the amount of the residual CBM in the supernatant from the original amount of CBM added to the sample.
Fluorescent Tagging of CBMs-To tag the CBMs, each CBM was made up to 5 mg/ml in 1 ml of 0.1 M sodium bicarbonate buffer, pH 8.3. A 10:1 ratio of protein to dye was used for tagging. Specifically, 0.5 mg of dye (6-((7-amino-4-methylcoumarin-3-acetyl)amino)hexanoic acid, (AMCA-X, Life Technologies) for CBM2a and Oregon Green 514 (Life Technologies) for CBM44) was dissolved in 50 l of dimethyl sulfoxide (DMSO, Sigma Aldrich). While stirring/vortexing the protein solution (ϳ5 mg in 1 ml), the 50-l AMCA or Oregon Green 514 solution in DMSO was added and incubated at room temperature with continuous shaking for 1 h. The dyed CBMs were then desalted into 50 mM potassium phosphate, pH 7.0. It should be noted that the binding of CBM44 was significantly reduced (to ϳ10% of original capacity) after tagging, suggesting that some of the CBMs were tagged at or near the binding cleft, inhibiting the binding of the CBM. However, it was apparent that not all CBM44 molecules were inhibited in their binding, as confocal microscopy was still able to detect these CBMs bound to the cellulose fibers.
X-ray Diffraction-Cellulose crystallinity index was measured by x-ray diffraction as described in Nishiyama et al. (41) . Briefly, pulp samples were hydrolyzed, washed, filtered, and freeze-dried, and then mounted onto a zero-background plate. The data were collected with a Bruker D8-Advance powder x-ray diffractometer. Bruker TOPAS version 4.2 was used to model the percentage of crystallinity, and Nishiyama's cellulose 1␤ was used to model cellulose. The percentage of cellulose crystallinity was calculated as: 100 ϫ (crystalline area/total area), where the total area ϭ crystalline area ϩ amorphous area.
Confocal Microscopy-Confocal microscope imaging was performed using an inverted Zeiss Axiovert LSM 5 confocal microscope equipped with epifluorescence, Nomarski optics, and LSM 5 Pascal software. Image acquisition and analysis were done with the LSM 5 Pascal volume-rendering software. Images were opened with the GNU Image Manipulation Program (GIMP) version 2.8. To produce the overlaid image, the colored pixels were extracted from both images, and a minimum threshold pixel intensity was set to filter out weakly colored regions. The remaining pixels were then saturated and overlaid on top of the original SEM image.
RESULTS AND DISCUSSION
Quantifying Fiber Properties during Hydrolysis-We initially wanted to quantify the possible influence of hydrolytic enzymes
Interpreting Swollenin-induced Fiber Cleavage Using CBMs
on fiber fragmentation and cellulose surface morphology using a unique dual-probe CBM adsorption technique. Previous work had shown that enzyme-mediated fiber cutting seems to predominantly occur at the disordered regions of cellulosic fibers known as dislocations (21, 42) . In the work described here, we used a fiber quality analyzer, which calculates fiber length, width, and size distribution measurements via high-throughput image analysis of fiber samples, to track any fiber changes over the course of hydrolysis of a hardwood dissolving pulp. Enzymatic hydrolysis was carried out on 6-g samples of dissolving pulp in 150-ml flasks using 13 mg/g of Celluclast 1.5L supplemented with 2 mg/g of ␤-glucosidase as described under "Enzyme Treatments" (see "Experimental Procedures"). A dramatic reduction in fiber length was observed ( Fig. 1) at the very early stages of hydrolysis, with an almost 50% reduction in mean fiber length occurring within 5 min of cellulase addition. A further reduction in fiber length was observed between 60 and 90 min, with no further reductions in fiber length observed after this time.
The trends observed by FQA analyses seemed to correlate well with the observed settleability of the hydrolyzed pulps (Fig.  2) . To quantify pulp settleability, equal masses of pulps from each hydrolysis time point were dyed with Direct Orange dye, washed to remove any background color, and subsequently allowed to settle in water in a 1.5-ml Eppendorf tube. Settleability also happened in a stepwise fashion, first occurring after just 5 min of hydrolysis with little change from 5 to 60 min (Fig. 2) . However, between 60 and 90 min, the pulp settleability dropped further to a final steady level, remaining relatively constant from 90 min onwards.
The observed, very early, reduction in fiber length during hydrolysis was in agreement with recent rheology work that also showed a rapid (within 5 min) reduction in viscosity during Solka-Floc hydrolysis (43) . As the hydrolysis rate remained more or less constant during this time, this suggested that, at least under the low-consistency conditions used here (i.e. less than ϳ5% solids loading), the observed changes in fiber length of the substrate did not significantly influence the rate of hydrolysis. This was consistent with earlier work, which showed that changes in the initial fiber length of organosolv-pretreated softwoods did not appear to influence the rate of low-consistency enzymatic hydrolysis (44) . During the enzymatic hydrolysis of dissolving pulp, a plateau in settleability was observed after 90 min of hydrolysis, which agreed with the plateau in fiber length reduction detected by FQA. It is possible that there are two classes of fiber dislocations, one that is highly disrupted and is cleaved within the first 5 min of hydrolysis (major dislocations) and a second that is more recalcitrant to cleavage and is cleaved between 60 and 90 min (minor dislocations). This classification of dislocations into major and minor dislocations is not meant to describe the abundance of each type of dislocation, but rather to describe the intensity or severity of the dislocations.
To determine whether the reduction in fiber length over the course of hydrolysis corresponded with specific changes in the surface morphology of the cellulose, a previously described cellulose substructure-specific CBM technique was used (19) . A Type B CBM (CBM44), which contains a cleft-shaped binding site that preferentially binds to amorphous regions of cellulose (30) , was used as a probe to determine the amount of accessible amorphous cellulose, whereas a Type A CBM (CBM2a), with a planar, hydrophobic binding face that preferentially binds to crystalline cellulose regions (29) , was used as a probe to determine the amount of accessible crystalline cellulose on the dissolving pulp fibers. The amount of each CBM bound to the variably hydrolyzed dissolving pulp over the course of 6 h was used to determine the relative amounts of accessible amorphous and accessible crystalline cellulose (Fig. 3) . A rapid and dramatic reduction (50%) in the amount of accessible amorphous cellulose occurred within the first 5-15 min of hydrolysis. After this initial drop, the amount of accessible amorphous cellulose remained constant for the remainder of the course of hydrolysis. Although the amount of accessible crystalline cellulose, as determined by the adsorption of CBM2a, also declined, it was at a slower rate and to a lesser extent than the decline in accessible amorphous cellulose (Fig. 3) .
Although the amount of amorphous binding CBM that had adsorbed to the substrate dropped dramatically within the first 5-15 min of hydrolysis, this reduction occurred when only 2.0% (Ϯ 0.3%) of the original substrate had been solubilized (calculated from the data used to generate Fig. 1 ). This implied that there was a small amount of highly accessible, rapidly hydrolyzed amorphous cellulose present in the pulp fibers. Previous work (21) has shown that the dislocations where fragmentation occurs are enriched in amorphous cellulose. Thus, it is likely that the amorphous cellulose within the fiber dislocations is the target for this rapid initial hydrolysis, leading to the observed reductions in both the average fiber length and accessible amorphous cellulose. Recent work by Gao et al. (45) has also suggested this type of mechanism.
We next carried out x-ray diffraction of the variably hydrolyzed dissolving pulps to see whether the observed changes in the surface morphology of the hydrolyzed samples correlated with changes in the crystallinity of the samples. The bulk crystallinity of the pulp samples appeared to increase slightly over the first 5 min of hydrolysis, after which it remained relatively constant for the remainder of the hydrolysis reaction (Fig. 4) . The slight increase in cellulose crystallinity that was observed over the first 5 min of hydrolysis seemed to complement the CBM adsorption data. This again suggested that there was a small amount of accessible amorphous cellulose at the surface of the cellulosic fibers, which was rapidly hydrolyzed during the first few minutes of hydrolysis. After this initial removal of the highly accessible amorphous cellulose, the crystallinity of the sample did not change, implying that both the amorphous and the crystalline regions were hydrolyzed simultaneously. These observations are consistent with a model where initial fiber fragmentation might be followed by a "layer by layer," "peeling," or "shaving" mechanism of hydrolysis, where layers of cellulose containing both the amorphous and the crystalline regions are hydrolyzed together (46, 47) .
Confocal Imaging of CBM Distribution-To try to determine whether the amorphous cellulose component of the dissolving pulp fibers prior to hydrolysis was distributed evenly across the fiber surface or localized to specific features of the fibers, the amorphous binding and crystalline binding CBMs were each tagged with a different amine-reactive probe. Specifically, CBM44 was tagged with Oregon Green 514, and CBM2a was tagged with a blue probe, AMCA-X. When the tagged CBMs were simultaneously incubated with dissolving pulp and imaged on a confocal microscope ( Fig. 5) , the CBM2a and CBM44 were found to have distinct binding patterns, with the amorphous binding CBM (CBM44) preferentially localizing to the fiber dislocations, whereas the crystalline binding CBM (CBM2a) was more generally bound to the smoother regions of the fiber surface ( Fig. 5 ). It is important to note that the patterns observed for each CBM were dependent on the gain settings used during image acquisition. For example, if gain settings were maximized, then both CBMs appeared to bind to the entire surface of the fiber. It was only by lowering the gain settings that changes in the distributions of the CBMs on the fiber surface became apparent. Thus, although both CBMs do bind to the entire surface of the fiber, the binding density (amount bound per unit area) of each CBM exhibited distinct patterns. In other words, both CBMs bound throughout the surface of the fiber, but CBM44 had a higher binding density at dislocations, whereas CBM2a had a higher binding density along the more organized and well structured surfaces of the fibers.
In earlier work, Type B CBMs, including members of families CBM4, CBM6, and CBM28, were shown to preferentially bind to fiber dislocations (32, 33) , agreeing with the preferential adsorption of CBM44 to the fiber dislocations observed here, whereas related work using bacterial Type A CBMs (such as CBM2a) showed that these CBMs do not preferentially bind to these types of dislocations. For example, two Type A family 3 CBMs from the cellulosome complexes of Clostridium josui and C. thermocellum did not preferentially bind to dislocations (28) . The results reported here are most similar to those of Kawakubo et al. (32) , who found that the Type B CBM28 preferentially bound to dislocations, whereas the Type A CBM3 from C. josui did not. However, Fox et al. (48) showed that a CBM3a similar to that used by Kawakubo et al. (32) was a particularly promiscuous CBM as it bound to both the amorphous and the crystalline regions of cellulose. Thus, it was likely that the C. thermocellum CBM2a used in the work reported here was a better choice as a probe for crystalline cellulose.
The outliers in the adsorption profile of the CBMs are the fungal family 1 CBMs (21, 31, 49) as these small (ϳ4 kDa, as compared with 27 kDa for CBM44 and 11 kDa for CBM2a (30, 35) ) Type A fungal enzyme-derived CBMs are known to preferentially bind to dislocations. These CBMs, which have the highest binding order parameters of all CBMs studied to date (indicating a high preference for crystalline cellulose (48)), appear to localize at dislocations. It is possible that the small sizes of these CBMs play a role in their binding to dislocations due to adsorption/entrapment within nanoscopic pores in the surface of dislocations that are two small for the larger bacterial CBMs. However, the presence of these putative pores has yet to been confirmed, and it is possible that the unusual binding of these family 1 CBMs to dislocations could stem from a specific structural element of this CBM. These apparently contradictory observations (preferential binding to dislocations and high binding order parameter (48)) warrant further investigation into both the true specificity of this CBM, as well as the techniques used to assess preferential binding to amorphous or crystalline cellulose.
Effects of Swollenin on Dissolving Pulp-As previous work had shown that Swollenin could disrupt the less-ordered regions of biomass (8), we next wanted to see whether Swollenin could aid in initial cellulose hydrolysis by promoting fiber fragmentation at dislocations. Swollenin-induced fiber fragmentation was compared with the fragmenting activity of an isolated cellobiohydrolase (CEL7A), an endoglucanase (CEL5A), and a xylanase, as well as a BSA control. When these enzymes were added individually, only the endoglucanase was able to fragment the fibers to any great extent (Fig. 6 ). This was anticipated as earlier work (4, 21) had shown that fiber fragmentation was primarily induced by endoglucanases. Despite its lack of discernible hydrolytic activity, Swollenin was able to promote fragmentation of dissolving pulp fibers, although to a lesser extent than did Cel5A (Fig. 6 ). However, when Swollenin was incubated with a range of pretreated lignocellulosic substrates, including steam-pretreated and organosolv-pretreated corn stover, poplar, and lodgepole pine, no reduction in fiber length was observed (Fig. 7) . Thus, it is probable that other substrate factors influence the effectiveness of Swollenin-induced fiber fragmentation, such as the amount and type of residual hemicellulose and lignin and the occurrence and role of lignin-carbohydrate complexes.
As previous work had suggested that Swollenin can weaken hydrogen bonding within amorphous regions of cellulose and hemicellulose (8, 9, 12) , it is possible that Swollenin promotes fiber fragmentation by weakening hydrogen bonds and enhancing slippage between adjacent chains within fiber dislocations. This weakening of hydrogen bonding and chain slippage might be sufficient to cause fragmentation within certain severe dislocations, but not within the less severe dislocations.
In summary, when substrate changes occurring during hydrolysis were monitored, using the FQA and CBM adsorption tech- niques, fiber fragmentation was found to occur via a "two-step" process, with the first stage fiber length reduction occurring within minutes and the second occurring over 60 -90 min. The solubilization of the small amount of more accessible amorphous cellulose that is hydrolyzed within the first few minutes, although only constituting about 2% of the initial cellulose, seems to play a key role in facilitating fiber fragmentation. Confocal microscopy showed that this amorphous cellulose was concentrated within fiber dislocations, implying that the rapid reduction in fiber length and reduction in binding of the amorphous binding CBM was primarily due to hydrolysis of the amorphous cellulose within fiber dislocations. When various combinations of monocomponent enzymes/proteins were added to dissolving pulp and pretreated lignocellulosic substrates, Swollenin, which is a non-hydrolytic non-oxidative protein, was also shown to promote fiber fragmentation by targeting the amorphous cellulose within fiber dislocations. It is possible that Swollenin may function by enhancing hydrogen bond disruption, resulting in slippage between cell wall components and the consequential disruption/separation at fiber dislocations.
